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Abstract 
During the last decades, Persistent Scatterer Interferometry (PSI) has demonstrated to be a powerful tool able to measure and 
monitor deformations. This technique makes use of large stacks of interferometric SAR images to derive the deformation maps 
and deformation time series. In this paper, Sentinel-1 images are used to derive the deformation monitoring over the Catalonia 
region (Spain). These images brings new improvements due to its wide coverage and high revisiting time, which allows us to make 
a wide area processing. 
The first part of the paper describes the data processing implemented by the authors to analyze Sentinel-1 data and the PSI 
approach used in this ongoing research. The second part of the paper illustrates the results derived over an area of 6750 km2 using 
Sentinel-1 images.  
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1. Introduction 
Persistent Scatterer Interferometry (PSI) is a group of Differential SAR Interferometry (DInSAR) techniques 
widely used to measure and monitor terrain deformations1. It uses large stacks of Synthetic Aperture Radar (SAR) 
images and suitable data modelling procedures that allow the estimation of different parameters. These parameters 
include the deformation time series, the average displacement rates and the so-called residual topographic error. It 
has been successfully used in a wide range of applications mainly related to the fields of urban, peri-urban and 
built2,3,4,5, subsidence and uplift6,7,8,9, landslides10,11,12,13, and geophysics14,15,16,17. 
During the last two decades, PSI has experienced a major development. Several approaches to PSI techniques have 
been proposed18,19,20,21,22,23. This development is mainly related to the progress accomplished through the exploitation 
of C-band data from ERS-1/2, Envisat and Radarsat. The data acquired by these satellites covers long periods of time, 
a key aspect to guarantee a long-term deformation monitoring. The availability of X-band data resulted in new 
improvements due to the high sensitivity of this wavelength and the high resolution of the images. Thus, it allowed to 
generate a denser sampling of Persistent Scatterers (PSs), a higher sensitivity to small displacements and a remarkable 
quality improvement of the time series compared to the C-band24,25. A new significant improvement is expected to 
occur with the data acquired by the C-band sensor onboard the Sentinel-1 satellites. Sentinel-1A, launched on 3 April 
2014, acquires interferometric C-band SAR data and offers an improved data acquisition capability with respect to 
previous C-band sensors (ERS-1/2, Envisat and Radarsat), increasing considerably the deformation monitoring 
potential. It acquires images covering 250 by 180 km with a revisiting cycle of 12 days in the Interferometric Wide 
Swath (IW) data acquisition mode, which will be reduced to 6 days when the images acquired by the Sentinel-1B 
satellite are available. The Sentinel-1 coverage might be essential for certain applications that might benefit from a 
wide-area PSI monitoring using C-band Sentinel-1 data. Moreover, this data allows an improvement of the coherence, 
mainly related to the high temporal sampling, which imply a reduced temporal decorrelation of the interferometric 
pair26. Finally, these data are free of charge, which represent an advantage with respect to X-band sensors such as 
TerraSAR-X data, which are expensive.  
This research is focused on the application of Persistent Scatterer Interferometry (PSI) for terrain deformation 
detection and measurement over the region of Catalonia (Spain) using the SAR data acquired by the Sentinel-1 satellite 
of the European Space Agency. 
2. Methodology 
The methodology used in this work is a PSI technique, which exploits a 2+1D phase unwrapping using a set of 
redundant interferograms. A key aspect of the procedure is the interferometric processing of Sentinel-1 interferometric 
data.  
In the IW mode, Sentinel-1 acquires data with a swath of 250 km using the TOPS (Terrain Observation by Progressive 
Scan) imaging mode. The Sentinel-1 data need extra processing with respect to the standard StripMap processing27, 
due to the TOPS characteristics. As a consequence, due to a high Doppler rate caused by the azimuth antenna beam 
steering, the image co-registration step needs to be very accurate28. To achieve such an accuracy, a two-step process 
has been proposed by different authors27,28,29: first, a pixel level co-registration by using classical SAR image co-
registration methods is carried out, e.g. using orbit information or cross-correlation methods, and then a refinement of 
the accuracy by using the Spectral Diversity28,29 is done.  
The PSI approach used in this study is a 2+1D phase unwrapping, which starts with a set of N images and a 
redundant net of M interferograms. The main processing steps30 of the procedure are briefly described below: 
• Atmospheric phase screen (APS) estimation and removal. A phase unwrapping is performed over the N-1 
consecutive interferograms, multi-looked 10 in range and 2 in azimuth to reduce the noise and ease the phase 
unwrapping. A direct integration, which retrieve the images phases with respect to a given image, is then carried 
out over the unwrapped interferograms. Finally, the APS estimation is performed by means of a set of spatio-
temporal filters18,19,20,22 and removed from the original interferograms. 
• Deformation velocity and residual topographic error (RTE) estimation. The deformation velocity and RTE are 
estimated over a set of PSs, from the M wrapped APS-free interferograms, using the periodogram method.  
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• RTE removal. The RTE phase component is removed from the wrapped APS-free interferograms. This is 
especially important when performing measurements in urban areas at full resolution to avoid confusing the 
deformation with other components, as well as to avoid phase unwrapping errors due to phase gradients related to 
RTE.  
• 2+1D phase unwrapping. This is the key step of the procedure, where the accumulated deformation map and the 
time series are derived from the redundant network of interferograms free of APS and RTE. A spatial 2D phase 
unwrapping is performed interferogram wise using the Minimum Cost Flow method30,31. Then, a 1D phase 
unwrapping is performed pixel wise over the M interferograms. This last step is able to detect and correct the 
errors generated during the 2D phase unwrapping stage, and provides tools to control the quality of the derived 
time series.  It uses an iterative LS procedure33,34,35 which fully exploits the integer nature of the unwrapping errors. 
It is based on the estimation of the following system of equations:  
              
MSMS ϕϕϕ −=Δ      (1) 
0~ 0 =ϕ
where MSϕΔ  is the unwrapped interferometric phase (the observation), S and M are the slave and master images 
and Sϕ  and Mϕ  are the corresponding unknown phases. The phase of the first image 0ϕ  is set to zero.         
The system is solved by means of an iterative LS driven by two key parameters: the residuals 
resϕ
  and the 
redundancy of the network. 
Fig. 1. (a) Amplitude of two merged IW Sentinel-1 scenes covering the region of Catalonia (Spain), superimposed to Google Earth. The blue 
rectangle shows the area processed; (b) Mean Amplitude of 24 IW Sentinel-1 images of the area shown in the blue rectangle, which comprises 6 
bursts of the swath 1; (c) 12-day interferogram of the area of interest. 
3. Results 
The results described are part of an ongoing research with the aim to monitor the full region of Catalonia (Spain) 
using Sentinel-1 images. To cover the area of interest, more than one scene is required (see Fig. 1a). An IW mode 
Sentinel-1 scene is composed by 3 swaths, which are acquired by steering the beam in range, and 9 bursts each swath, 
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which are acquired by electronically steering the beam from backward to forward in the azimuth direction. The bursts 
are synchronized from pass to pass to ensure the alignment of interferometric pairs. In this study, the area of interest 
is covered by 26 bursts distributed in 3 swaths. This paper shows the results obtained over an area of approximately 
6750 km2, covered by 6 bursts in a single swath (see Fig. 1b and 1c).  
The main PSI products are the accumulated deformation map and the time series of the deformation derived from a 
set of 24 IW SLC Sentinel-1 images, spanning the period from March 2015 to January 2016. A network of 
interferograms with perpendicular baselines ranging from -170 to 210 m was used. Fig. 2a shows the accumulated 
deformation map obtained with the direct integration of the consecutives interferograms. This procedure was 
performed over the interferograms multi-looked 5 in range and 1 in azimuth, i.e., with a footprint of approximately 
14 x 20 m in range and azimuth, respectively. The figure shows a good coverage of PS over all the area of interest, 
and a good connection between all the urban areas (see Fig. 2b and 2c). Figure 2b shows the PS density over the city 
of Barcelona, which is 620 PS/km2. This is a good density considering the resolution of the images.  
Fig. 2a allows obtaining a comprehensive outlook of the deformation phenomena occurring in wide areas. In this 
case, most of the area is stable (in green). However, some important deformation phenomena have been identified. 
Areas in red show displacements away from the sensor, while the blue ones indicate displacements toward the SAR 
sensor. Note that these values refer to the SAR Line-of-Sight (LOS).  
                   
Fig. 2. (a) Accumulated deformation map in radar geometry superimposed to the Mean Amplitude. This map covers an area of 6750 km2; (b) PS 
density in the city of Barcelona and metropolitan area; (c) PS coverage in highways and roads connecting urban areas. 
Fig. 3 illustrates two examples of major deformation phenomena found in this study. Fig.3a illustrates a deformation 
near the village of Sallent, with two differentiated displacement rates: the area in yellow reach more than 3 cm in 
almost one year, while a higher displacement was estimated in the area in red. Fig 3b illustrates a subsidence up to 9 
cm in a dump near Piera, in the metropolitan area of Barcelona.  
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Fig. 3. (a) Accumulated deformation map over the area of Sallent geocoded to Google Earth; (b) Accumulated deformation map over a dump in 
Piera geocoded to Google Earth. 
4. Conclusions
In this paper, the results achieved so far using Persistent Scatterer Interferometry and Sentinel-1 images have been 
shown. The interferometric procedure used by the authors to derive the deformation maps and time series from a stack 
of Interferometric Wide Sentinel-1 images has been described, which consists in a 2+1D phase unwrapping approach. 
The deformation map derived over an area of 6750 km2, a wide region in Catalonia (Spain), which comprises 6 
bursts of a single swath, has been illustrated. The density of PS achieved in this study has proved to be good: 620 
PS/km2 in urban areas with a good coverage and connection between urban areas. 
The next step of the procedure will be to perform the analysis for the 26 bursts into the 3 swaths of the IW Sentinel-
1 scenes covering the entire region. The goal is to derive the deformation map over the region of Catalonia, performing 
local densification when required to study any given deformation phenomena. 
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